Magneto-optical phenomena such as the Faraday and Kerr effects play a decisive role for establishing control over polarization and intensity of optical fields propagating through a medium. Intensity effects where the direction of light emission depends on the orientation of the external magnetic field are of particular interest as they can be used for routing the light. We report on a new class of transverse emission phenomena for light sources located in the vicinity of a surface, where directionality is established perpendicularly to the externally applied magnetic field. We demonstrate the routing of emission for excitons in a diluted-magnetic-semiconductor quantum well. The directionality is significantly enhanced in hybrid plasmonic semiconductor structures 1 arXiv:1712.05703v1 [cond-mat.mtrl-sci] 15 Dec 2017 due to the generation of plasmonic spin fluxes at the metal-semiconductor interface.
due to the generation of plasmonic spin fluxes at the metal-semiconductor interface.
Control of light emission intensity and propagation direction is required in many domains of modern optics, from macroscopic searchlights to nanoscopic antennas [1, 2] . The use of magnetic forces for routing emission is highly appealing for applications in nanophotonic circuits, magneto-optical storage, and precision metrology [3, 4, 5, 6] . In particular magnetooptical phenomena such as the Faraday (Kerr) effect are widely used to control the polarization of transmitted (reflected) light rays [7, 8] . Significant progress in the enhancement of these magneto-optical effects has been achieved recently by combination of magnetic and plasmonic materials [9, 10, 11, 12] . However, the magnetic field control over the emitter's directionality requires dedicated tailoring of the structures for implementation in order to meet the required conditions. Until now it has been demonstrated only for emission of chiral objects in Faraday geometry, along the axis parallel to the magnetic field [13] . Transverse intensity effects in emission with directionality perpendicular to the magnetic field, have not been reported yet.
Here, we demonstrate transverse magnetic routing of light emission (TMRLE). It is observed when the light source coupling to a magnetic field B is located in the vicinity of a surface that breaks the mirror symmetry of the medium. Namely, the wave vector of the emission that points in the routing direction k is proportional to
where z is the direction normal to the surface, e z is the unit vector along z, and B x as shown in Fig. 1 .
TMRLE requires two key features to be fulfilled: First, the optical selection rules of the light source need to be modified by the magnetic field, which is an intrinsic property of any emitter in magnetic materials. Second, the emitted light should have non-zero transverse spin (angular momentum) S x ⊥ k. Non-zero local transverse spin is present in any structure with broken z → −z reflection symmetry, for instance, when the emitter is placed near a planar mirror [14] . Conventional electromagnetic plane waves remain linearly polarized on average and their propagation direction is independent of their polarization. Therefore, only weak directionality effects can be expected in bulk material. On the contrary, subwavelength optical fields possess strong transverse spin locked to their propagation direction, i.e. spin fluxes [2, 15, 16] . This enables fascinating phenomena such as lateral pressure controlled by the polarization of light [17] , photonic spin Hall effect in hyperbolic materials [18] and photonic wheels in tightly focused beams [19] . Generation of photonic spin fluxes has been established in dielectric photonic structures containing a single atom [20, 21] or a semiconductor quantum dot [22, 23, 24] . For plasmonic excitations, which are based on collective oscillations of electrons in a metal, spin fluxes have also been visualized via plasmon scattering on nanoparticles [25, 26, 27, 28, 29, 30, 31, 32] . Therefore, the use of subwavelength optical fields, which are present in photonic as well as plasmonic nanostructures, is expected to increase TMRLE.
For demonstration of TMRLE we consider the exciton emission from a semiconductor quantum well (QW). In order to assess the importance of subwavelength optical fields we also study hybrid plasmonic structures where the metallic grating is placed at the top of the semiconductor structure in close proximity to the QW. The metallic grating contributes in two ways: (i) The metal-semiconductor interface supports surface plasmon polaritons (SPPs); (ii) The periodic grating allows detection of optical spin fluxes carried by surface modes in the far field radiation.
Here, we concentrate on three prominent cases, which are shown in Fig. 1 : a bare QW and two structures covered with identical one-dimensional plasmonic gratings with a period a but different spacer thicknesses between the grating and the QW.
The QW emission originates from the lowest energy states which correspond to optically active heavy hole excitons. Due to QW inhomogeneity the excitons are localized and can be spacer light cone spacer light cone modeled as point electric dipoles. In zero magnetic field B the excitons have angular momentum projection J z = ±1 along the QW confinement z axis, corresponding to circularly polarized dipoles that rotate in the xy-plane clockwise or counter-clockwise, d x e x ∓ id y e y with d x = d y . Therefore, at B = 0 light is emitted with equal probability in the lateral directions.
An in-plane magnetic field B x modifies the selection rules of the optical transitions, that become elliptically polarized in the yz-plane corresponding to dipoles with d
The circular polarization degree is P c = ±2d
Here, ∆ h,F is the Zeeman splitting of the heavy holes in the Faraday geometry, which grows linearly with B, and ∆ lh is the energy splitting between the heavy and light hole states due to QW confinement and strain (for details see sections 1 and 2 of Supplementing Material [33] ).
Due to the lack of mirror symmetry along the z axis the optical field carries non-zero transverse spin in all structures shown in Fig. 1 . And therefore, the circularly polarized excitons preferentially couple either to left-or to right-going waves, depending on the magnetic field sign. As a result, the emission becomes directional which is the main focus of this work.
It is important to distinguish between far-field and near-field effects. The first ones can be considered as an interference of several emitted light rays, while the latter ones are initiated by exciton emission into the evanescent (sub-wavelength) optical modes which exist at the semiconductor-metal interface. Fig. 1(a) and (b) demonstrate the far field effects. In (a) interference takes place between the directly emitted and the reflected electromagnetic waves. The reflection occurs at the back side of the structure. In (b) the interference occurs between the zero and first order diffracted beams which are transmitted through the grating. The interfering beams originate from the same dipole and propagate along the same direction in free space outside the sample. For a given emission angle θ, which is defined with respect to the z axis, and a given optical frequency of the exciton resonance ω X the phase between the interfering tilted beams is determined by the helicity of the dipole in the yz-plane and therefore directionality of the QW emission arises in an applied magnetic field.
The directionality can be enhanced in the near field when the QW layer is located in close proximity of a semiconductor-metal interface and the excitons emit into evanescent waves, see Fig. 1(c) . At a given frequency these can be evanescent photon modes with arbitrary in-plane wave vector k y or SPP waves, where the value of k y is fixed by the dispersion relation. In both cases the evanescent TM-polarized waves carry transverse spin S x ∝ i[E × E * ] x , where the electric field is E ∝ k z e y − k y e z and k z is imaginary. Hence, for the right-going evanescent waves S x > 0 and for the left-going waves S x < 0 [16] . This is illustrated by the colored areas R 0 and L 0 in the dispersion diagram presented in Fig. 1(d) . Due to the modified exciton selection rules, the generated plasmon spin is pinned to the magnetic field, S B . This results in magnetic-field-induced photonic as well as plasmonic spin fluxes.
The grating enables outcoupling of the evanescent waves into the far field. This can be described by translating the regions R 0 and L 0 in Fig. 1(d) by the reciprocal lattice vector A Fourier imaging setup is used to convert the angular dependence of emitted light into spatial dependence in the Fourier plane which is projected onto the spectrometer slit. Angle-and spectrally-resolved exciton emission is detected as a contour pattern with a two-dimensional charge-coupled device (CCD) matrix detector, attached to an imaging spectrometer. (b) Scanning electron microscope (SEM) image of the plasmonic grating with 250 nm period (Sample 2). (c) Magnetic field dependence of the TMRLE directionality factor C measured in sample 2 at a photon energy 1.669 eV for θ = 10
• . The corresponding patterns of the magnetic field induced variation of the photoluminescence (PL) intensity ρ( ω, θ) are presented in (d) for the bare QW, in (e) for sample 1 and in (f) for sample 2. Upper and lower colored panels correspond to measured and calculated ρ( ω, θ)-patterns, respectively. Note the different color scales in these panels. Side plots at the measured patterns show cross-sections along fixed photon energy ω as indicated by the dotted line (upper plot) or fixed angle θ as indicated by the dash-dotted line (right plot). Blue and red curves in these plots correspond to cross-sections of experimental data and calculation results, respectively. Yellow curves in the side plots of (f) show PL signal measured in s−polarization. All measurements are performed at temperature T = 10 K and magnetic field B = 520 mT. so that P c ≈ 0.13 can be expected (see section 1 of Supplementing Material [33] ).
Rectangular gold gratings with size of 200 × 200 µm 2 were patterned using electron beam lithography and subsequent lift-off (see section 3 of Supplementing Material [33] ). The grating period of 250 nm and the slit width of 55 nm were evaluated from the scanning electron microscope (SEM) image shown in Fig. 2(b) . The thickness of the Au layer is about 45 nm.
The studied samples contain also areas without gold stripes at the top, i.e. corresponding to the bare QW. Two samples from structures grown with spacer thicknesses of 250 nm (sample 1) and 32 nm (sample 2) between the grating and the QW were fabricated. The parameters of the gratings were chosen in order to obtain far-field emission of the SPPs from the semiconductorgold interface at optical frequencies ω SPP ≈ ω X in a small range of angles θ as confirmed by reflectivity spectra (see section 4 of Supplementing Material [33] ).
For optical studies we use a Fourier imaging setup in combination with a spectrometer, which allows us to acquire both the angular and the spectral dependence of the emitted light intensity in a single acquisition (see Fig. 2(a) ). We use laser excitation with a photon energy of 2.25 eV in order to populate the QW with excitons. The emission band of QW excitons is centered at energy ω ≈ 1.67 eV and depends weakly on the emission angle θ. The spectral width at half maximum of the PL band of about 10 meV allows us to measure the emission pattern in the spectral range from 1.64 to 1.69 eV.
In the magneto-optical measurements the angle-resolved photoluminescence (PL) is detected in the yz−plane perpendicular to the magnetic field B x (see Fig. 2(a) ). The magneticfield-induced variation of the PL intensity is assessed by the normalized difference
where I(+B) and I(−B) are the intensity patterns measured for opposite directions of the magnetic field B. The antisymmetric part of ρ with respect to the emission angle θ defines the
Contour plots of ρ( ω, θ) for B = 520 mT and p-polarized detection are shown for the bare QW with 32 nm thick spacer as well as for sample 1 and 2 in panels (d)-(f) of Fig. 2 . A variation of the QW emission takes place in all three cases. However, there are significant differences in the angular and spectral distribution as well as in the magnitude of ρ. All images show that ρ is an odd function with respect to the emission angle, i.e. ρ( ω, θ) = −ρ( ω, −θ). Thus, in our case the magnetic-field-induced variation of the PL intensity is fully determined by the TMRLE with directionality C( ω, θ) = ρ( ω, θ). In full accord with the theoretical predictions the strength of the effect follows a linear dependence on magnetic field ( Fig. 2(c) ). Note, that the PL spectra from all structures contain also emission from the GaAs substrate centered at photon energies of 1.49 eV and 1.51 eV. These emission bands originate from non-magnetic constituents and do not show any intensity variation within the accuracy of the experiment (ρ < 10 −4 ). The directionality of the emission is not observed for s-polarized emission, which is in agreement with our TMRLE analysis requiring two orthogonal electric field components in the yz-emission plane (see yellow curves in the insets of Fig. 2(f) ).
Now we discuss the main features of the TMRLE effect for the different structures. In the bare QW sample the magnetic-field-induced changes of the QW emission are very small, |ρ| < 0.1% (see Fig. 2(d) ). Further, there is a strong frequency dependence, ρ( ω) oscillates around zero with a period of about 30 meV. For this reason the overall directionality decreases even further after averaging over the photon energy. As discussed above this behaviour occurs due to interference of the direct and the back-reflected emission beams (see Fig. 1(a) ) and does not require coupling to subwavelength optical fields. Another far-field contribution is manifested in sample 1 with the large 250 nm thick spacer and the grating at the top. The step-like increase of ρ at the threshold angle θ c ≈ 11 Fig. 2(e) is correlated with the appearance of the first order diffracted beam for the emitted light as shown in Fig. 1(b) .
Simultaneously, an interference from the waves reflected from the sample backside contributes, similar to that visible in Fig. 2(d) , which explains the additional interference fringes at θ > θ c in Fig. 2(e) .
The strongest TMRLE is observed in sample 2 with the thin spacer between the QW and the gold grating, where the exciton emission is partly transferred to SPPs. In Fig. 2(f) one observes a strong directionality on the order of 5%. The spectral dependence is weak as it is determined by the resonance condition ω X = ω SPP ( Fig. 1(d) ). Since the bandwidth of the SPP resonance (∼ 50 meV) is significantly larger than the spectral width of the exciton PL band (∼ 10 meV)
no strong spectral dependence of ρ is observed. Also weak oscillations are superimposed on the main signal due to the interference fringes discussed above. However, they do not diminish the effect but ρ remains positive for θ > 0.
The grating structures show an additional interesting behaviour, which is attributed to the relative contribution of plasmonic and photonic spin fluxes discussed in Fig. 1(d) . When the spacer thickness increases from 32 to 250 nm the SPP contribution to the directionality diminishes. This is due to the exponential decay of the evanescent SPP wave into the QW layer and the corresponding decrease of the interaction between SPPs and excitons. However, the routing effect is still present and its sign is opposite to that observed in sample 2. From Fig. 2 (e) we find ρ ∼ −0.5% in sample 1 for small emission angles 0 < θ < +10
• . As discussed above the relative sign of the plasmon transverse spin and the transverse spin of the nonresonant wave is energy-dependent. Below the crossing point of the SPP R and SPP L branches the signs are the same, and above the crossing point they are opposite. Our experimental situation corresponds to the case when the exciton frequency is slightly above the crossing point, see the dotted line in Fig. 1(d) . Hence, when the spacer thickness increases, the plasmonic effect is suppressed and substituted by the nonresonant one, and the directionality sign reverses, cf. signs in Fig. 2(f) and the central part of Fig. 2(e) .
The theoretical calculations presented in the lower panels of Fig. 2(d) -(f) show good agreement with the experimental data (for details see section 5 of Supplementing Material [33] ).
Here, only the degree of circular polarization P c was used as a fit parameter. A value of P c = 2.6% was used consistently in all the simulations. The decrease of polarization as compared to the value P c = 13% predicted for the idealized QW with infinite walls can be explained by the reduced overlap between the light and heavy hole wavefunctions | ψ lh |ψ hh | 
Giant Zeeman splitting of valence band holes
In Faraday geometry the exciton energy splitting between the Zeeman levels in the dilutedmagnetic-semiconductor Cd 1−x Mn x Te is described by the well established formula [S1, S2]
where x is the Mn 
where µ B is the Bohr magneton, k B is the Boltzmann constant, T is the lattice (bath) temperature and g M n = 2.01 is the Mn 2+ g factor. S ef f is the effective spin and T ef f = T + T 0 is the effective temperature. The parameters S ef f and T 0 enable a phenomenological description of the antiferromagnetic Mn-Mn exchange interaction.
Values of the giant Zeeman splitting in the studied structures were obtained from magneto-PL measurements of the bare QW structure. The sample was mounted in the variable temperature insert of a liquid helium bath cryostatat T = 2 K. Magnetic fields of up to 5 T were applied in Faraday geometry. Excitons were excited by a He-Ne laser with photon energy 1.96 eV. The emitted light was spectrally dispersed by a double monochromator and detected by a photomultiplier connected to a photon counting unit. The PL spectra measured in σ + polarization are shown in Fig. S1 . G i a n t Z e e m a n s p l i t t i n g ( m e V ) M a g n e t i c f i e l d ( T ) Figure S1 : Circularly polarized (σ + ) PL spectra of QW excitons for magnetic fields up to 5 T in Faraday geometry at T = 2 K. Inset shows the magnetic field dependence of exciton Zeeman splitting which is determined as twice the shift of the PL peak position with respect to the zero field peak. Solid line is fit with the modified Brillouin function (Eq. (S1)) with x = 0.05, S ef f = 5/2 and T ef f = 3 K. Dashed line shows the Zeeman splitting obtained from Eq. (S1) using the same parameters but for increased temperature T = 10 K. From this curve, we obtain ∆ Z = 5 meV at T = 10 K and B = 520 mT (open square).
In order to calculate the giant Zeeman splitting of the heavy hole exciton we take twice the difference of the PL peak position at B = 0 and B > 0 (filled squares in the inset). From a modified Brillouin function fit according to Eq. S1 (solid line) we obtain the Mn 2+ concentration of x = 0.05 and the effective temperature of T ef f = 3 K.
The angle resolved measurements on the plasmonic structures were performed in a flow cryostat at higher temperature of 10 K. The corresponding Zeeman splitting is shown in the inset of Fig. S1 for T = 10 K (dashed line). We obtain a total giant Zeeman splitting of ∆ Z = 5 meV at a magnetic field B = 520 mT (the empty square). The hole contribution to this splitting is ∆ h,F = |β| |α−β| ∆ Z = 4 meV.
Degree of circular polarization of exciton states in magnetic field.
We assume that the confinement of the excitons in the direction z perpendicular to the quantum well plane is stronger than the lateral confinement. Hence, the circular polarization degree can be calculated by generalizing the theory for a magnetic QW developed in Ref. [S3] . The scheme of the Zeeman splitting of the conduction and valence band states S2 in the Voigt geometry is shown in Fig. S2(a) . The Γ 6 conduction band splits similar to the case of Faraday geometry. The eigenstates are ψ e,↑(↓) =↑ (↓)S with energies ± 
In actual QW this value is smaller due to finite height of the barriers. However additional contribution due to strain increases ∆ lh [S6, S7] . Experimentally we evaluate the value of 20 meV from the reflection spectra, which means that the current estimate for ∆ lh in (S4) is Bloch function to the heavy hole states. As a result, the exciton dipole moment acquires nonzero circular polarization. In order to quantify this effect we introduce the circular polarization degree of the exciton states at finite magnetic field,
where p is the momentum operator. We do not take into account the deviations from cubic symmetry so that the only nonzero momentum matrix element is p cv = s|p y |Y = s|p z |Z .
In this approximation, diagonalizing the valence band Hamiltonian (S3) and substituting the explicit expressions for the J h,x = 3/2, −1/2 states from Ref. [S8] , we obtain the following results for the circular polarization degree:
At large magnetic fields when the hole angular momentum is along the field direction, both polarizations P c,↑ and P c,↓ saturate at unity. Their dependence on magnetic field is shown in Fig. S2(b) by the blue and red solid curves. It is crucial that both transitions have the same sign of the circular polarization degree, because the angular momentum projection differences S e,x − J h,x = 1/2 − (−1/2) = (−1/2) − (−3/2) = 1 have the same sign. Hence, the contributions of two lowest bright exciton states to the plasmon routing effects add up and do not cancel each other. At low magnetic fields we obtain by the squared overlap integral of the light and heavy hole envelope functions, | ψ hh |ψ lh | 2 , which decreases the polarization degree.
Sample preparation
The semiconductor QW structures were grown by molecular-beam epitaxy, which allows achieving high quality structures with well-defined layer arrangement and sub-nanometer thickness precision. On top of the semiconductor structure 200 × 200 µm 2 sized gold gratings were patterned, using electron beam lithography and "lift-off" processing. The used electron beam lithography instrument was the Raith VOYAGER system. In the "lift-off" processing no metal was used to promote the adhesion of the gold layer. Instead the sample covered with a PMMA resist mask was subjected to a short plasma treatment for descumming directly in the metal evaporation chamber, right before the evaporation of gold. The grating period, slit width, and gold thickness were 250 nm, 55 nm, and 45 nm respectively. The heterostructure was also studied without gold at the top, which we refer to as the bare QW.
Experimental setup
For optical studies we use a Fourier imaging setup in combination with a spectrometer, which allows us to record the angular and spectral dependence of the emitted intensity in a single acquisition step. In PL imaging measurements we use laser excitation with photon energy of 2.25 eV in order to populate the QW with excitons. On the way to the sample the laser light passes a 50 : 50 non-polarizing beam splitter cube and is subsequently linearly polarized by a Glan-Thompson prism. Subsequently it is focused onto the sample using a 20× microscope objective with a numerical aperture 0.4 into a spot of about 20 µm diameter. The excitation density (below 50 W/cm 2 ) is kept low enough to avoid heating of the Mn system. The sample was mounted on the cold finger of a liquid Helium flow cryostat and was kept at a temperature of about 10 K. Transverse magnetic fields up to 520 mT were applied in the QW sample plane using an electromagnet (B x).
The photoluminescence from the QW was collected using the same microscope objective in backscattering geometry. At a distance of twice the focal length of the objective the Fourier An examplary contour plot of the PL intensity I( ω, θ) taken on sample 1 is presented in Fig. S3(a) . The emission band of the QW excitons is centered at the photon energy ω ≈ 1.67 eV and depends weakly on the emission angle θ. The spectral width at half maximum of the PL band of about 10 meV allows us to measure the emission pattern in a spectral range from 1.65 to 1.69 eV.
Reflectivity spectra provide important information about the positions of the surface plasmonpolariton (SPP) resonances and their dispersion. Fig. S3(b) shows the angle-and spectrallyresolved reflectivity measured on sample 1 at T = 10 K for p-polarized light. The broad dips in the reflectivity spectra are attributed to SPP resonances at the semiconductor-gold interface.
The spectral positions of these features strongly depend on the incidence angle and are absent in s-polarized spectra and if taken from bare QW structures. The dash-dotted lines show the dispersion of the corresponding SPPs. The fast oscillations with a period of about 25 meV arise from interference fringes, which originate from the finite buffer thickness. The experimental data are in good agreement with the calculated reflectivity spectra (Fig. S3(c) ) which demonstrate the same features. The rigorous electromagnetic simulations were performed using the structural parameters given above.
Electromagnetic simulations
The PL and reflection spectra were calculated using the scattering matrix method from
Ref. [S9] . In each layer of the structure the electromagnetic field is decomposed into plane waves, that are coupled due to Bragg diffraction. The Li factorization technique [S10] was used to improve the convergence of the Fourier series. It was sufficient to take into account 2h max + 1 = 31 reciprocal lattice vectors to achieve convergence. In the PL calculations we modeled excitons as uncorrelated point dipoles with fixed polarization, randomly distributed in the xy plane. The values of the frequency-dependent refractive indices for gold, CdMgTe and GaAs were taken from Ref.
[S11], Ref.
[S12] and Ref. [S13] , respectively. The background refractive index contrast between the QW and the CdMgTe spacer layer was neglected.
